Most adaptive behaviors require precise tracking of targets in space. In pursuit 26 behavior with a moving target, mice use distance to target to guide their own movement 27 continuously. Here we show that in the sensorimotor striatum, parvalbumin-positive fast-28 spiking interneurons (FSIs) can represent the distance between self and target during 29 pursuit behavior, while striatal projection neurons (SPNs), which receive FSI projections, 30 can represent self-velocity. FSIs are shown to regulate velocity-related SPN activity during 31 pursuit, so that movement velocity is continuously modulated by distance to target. 32 Moreover, bidirectional manipulation of FSI activity can selectively disrupt performance 33 by increasing or decreasing the self-target distance. Our results reveal a key role of the 34 FSI-SPN interneuron circuit in pursuit behavior, and elucidate how this circuit implements 35 distance to velocity transformation required for the critical underlying computation. 36 37 38 39 40 41 42 43 44 45 46 47 48 50
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Introduction the left extreme corresponds to the highest firing rate and the right extreme to the lowest firing 256 rate, and vice versa for neurons that increase firing when the target is on the right side. These 257 two types of FSIs may project to distinct types of SPNs that signal velocity. A distance error 258 signaling 'too much to the left' would suppress rightward neurons and activate leftward SPNs, 259 whereas 'too much to the right' would suppress leftward neurons and activate rightward SPNs. 260 This organization would enable bidirectional control by FSIs. 261 In our working model, the feedforward FSI circuit allows differentiation of the distance 262 variable during tracking, converting it into instantaneous velocity commands from SPNs. 263 Previous optogenetic experiments showed that movement velocity depended on the frequency of 264 striatonigral stimulation 19 . We also showed that inhibition of the direct pathway (D1+) neurons 265 significantly reduced velocity during pursuit, but inhibition of indirect pathway (A2A+) neurons 266 did not. Thus the distance to velocity conversion is achieved mainly by the direct pathway.
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Previous work also showed that GABAergic output from the substantia nigra pars reticulata 268 represents instantaneous position vector components 34 . Using the direct pathway, velocity 269 commands could be integrated into reference signals representing proprioceptive position 270 references that change over time 34, 35, [40] [41] [42] [43] . These reference signals from the BG output would 271 then reach downstream proprioceptive position control systems for posture and body 272 configuration 44, 45 . 273 Although velocity and distance are both continuous, time-varying variables, there are key 274 differences between them. Movement velocity, detectable by mainly proprioceptive and 275 vestibular sensory inputs 40 , is close to zero at rest. The usually low firing rates of SPNs are ideal 276 for representing this type of variable 33 . On the other hand, distance, usually detected by 277 teloreceptive inputs, is rarely close to zero. FSIs are characterized by high tonic firing rates, 278 which make them ideal for signaling distance. Presumably inputs from sensory cortical areas 279 provide distance information that is sent to the striatal FSIs. Visual inputs are obviously critical, 280 but we cannot rule out other sensory modalities. Based on our results, we hypothesize that 281 representations of specific pursuit errors can activate the appropriate combination of direction-282 specific SPNs (e.g. moving leftward when the target is on the left side) and suppress the disinhibition or perhaps excitatory effects of GABA 46 , they can also have net excitatory effects 286 on downstream SPNs.
287
Given the importance of approaching a spatially discrete target in normal behavior, our 288 results suggest how striatal FSIs have been implicated in so many functions [14] [15] [16] . For example, 289 although reward is the eventual goal of behavior in our task, the striatal neurons we recorded 290 represented specific spatial variables necessary for successful performance, rather than reward 291 prediction or consumption. In accord with previous work 17 , we found that, in the sensorimotor 292 striatum at least, FSI and SPN activity is largely independent of reward delivery. Although 293 some studies have suggested that striatal neurons are modulated by reward, they did not monitor 294 continuous behavioral variables 47 . It is impossible to explain our results in terms of predicted 295 reward value because FSI activity reflects distinct distance errors that are spatially defined, e.g. 296 left and right. Caution is needed in interpreting experiments that lack precise and continuous 297 behavioral measures. Abstract psychological concepts like reward value must be well anchored 298 to clear experimental measures to generate interpretable experimental results.
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Our results also resolve current controversies on the relationship between striatal activity 300 and behavior. A recent study by Owen et al concluded that FSIs are not needed for behavioral 301 performance but for learning and plasticity 48 . But that study did not use continuous behavioral 302 measures and consequently failed to detect the crucial relationship between FSI activity and key 303 performance variables like distance to target. In fact, because their learning tasks involved 304 orienting and approaching reward targets, any learning defects observed following disruption of 305 FSI output can be explained by performance deficits in approaching the target. Moreover, while 306 some recent studies observed correlation between velocity and striatal output 18, 49 , this 307 conclusion has also been questioned. For example, Klaus et al found that SPNs can encode 308 action identity independent of velocity 50 , but their conclusion is not supported by the data, On the other hand, while classic studies discovered SPNs linked to movement speed 51 52 , 315 they did not measure behavior continuously in freely moving animals and relied on average measures. In fact, speed is not the appropriate measure, though it is correlated with neural 317 activity. Kim et al were the first to show that SPNs can represent vector components of velocity 318 in freely moving animals, and to demonstrate that such representations are similar whether or not 319 the behavioral outcome is rewarding or aversive 17 . Just like a recent study using calcium 320 imaging in head restrained mice 53 , Kim et al concluded that both SPNs and FSIs represented 321 velocity. However, the video-based motion tracking used in their study did not have sufficient 322 spatial and temporal resolution to dissociate the different contributions of SPNs and FSIs. In the 323 present study the use of 3D motion capture reveals that, during tracking, FSIs more commonly 324 represent distance to target, while many sensorimotor SPNs represent velocity.
325
The velocity representation in a large proportion of sensorimotor SPNs is therefore 326 unique, and so far not found in any other cell type except nigrostriatal dopamine neurons 41 .
327
Striatal velocity neurons have strong preference for direction of egocentric motion (left, right, up, 328 down). It is important to note that conventional notions of speed or vigor cannot begin to capture 329 the richness of kinematic representations in SPNs. Actual volitional movement is shaped by a 330 combination of distinct vector components (at least 4 major classes depending on the direction of 331 movement). A population of dif ferent types of velocity-related neurons can therefore represent a 332 velocity vector.
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In addition, although previous work found that SPNs are typically selective for 334 contraversive movements 54 , we did not find more contraversive neurons than ipsiversive neurons 335 in our study. There are two possible explanations for this discrepancy. First, we might not have 336 sampled enough neurons to obtain an accurate estimate of the distribution of contraversive and 337 ipsiversive neurons. Secondly, the velocity-related SPNs recorded in this study might not be the 338 same as those involved in spontaneous behavior. While they could overlap, additional neurons 339 that receive bilateral projections from the cortex may be recruited for the pursuit task.
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A striking feature of our results is the high correlations between single unit activity and i) hM4Di increased distance: Interaction: F 1, 10 = 9.26, P = 0.044. * P < 0.05. 820 j) hM4Di did not affect velocity. No interaction: F 1, 10 = 5.11, P = 0.12, main effect of time:
821
F 1, 10 = 23.21, P < 0.01, no effect of Group: F 1, 10 = 12.09, P = 0.11). increased distance, whereas decreasing FSI activity with GtACR2 decreased distance.
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(repeated measures two-way ANOVA, Interaction: F 2, 11 = 12.68, p < 0.0014, Group: F 2, 848 11 = 12.68, p = 0.0014; Time: F 1, 11 = 0.35, p = 0.57, Boferroni post-hoc: control vs. Extended Data Fig. 1. Behavior (7) 0.0% (0) 0.0% (0) 29.7% (11) 100.0% (37) 1112 Left striatum (n) Right striatum (n) Left distance 25.9% (7) 80.0% (8) Right distance 14.8% (4) 0.0% (0) Left velocity 25.9% (7) 0.0% (0) Right velocity 0.0% (0) 0.0% (0) Left acceleration 0.0% (0) 0.0% (0) Right acceleration 0.0% (0) 0.0% (0) Reward 0.0% (0) 0.0% (0) Unclassified 33.3% (9) 20.0% (2) Total 100.0% (27) 100.0% (10) 
